I. INTRODUCTION
Molecular beam epitaxy (MBE) has widely been used to grow extremely flat epitaxial layers with either homo-or heterostructures.
A two-dimensional, layer-by-layer growth can ideally be achieved by this method. Layer-bylayer growth can be observed using retlection high-energy electron diffraction (RHEED ) oscillation. However, even under the most optimal growth conditions, damping of RHEED oscillation amplitude still occurs implying a breakdown of an ideal two-dimensional layer-by-layer growth. l-3 In this work, RHEED oscillation amplitude for growing GaAs and AlGaAs layers has been sustained indefinitely by using a flux-interruption-and-annealing (FIA) method. This growth method is as follows. When RHEED oscillation amplitude reaches a maximum, the beam flux of group III element(s) (in this case, gallium and/or aluminium) is interrupted by closing the effusion cell shutter(s) and the grown epitaxial layer is annealed for a proper time period. Next monolayer will be grown only when RHEED intensity has been fully recovered. This epitaxial method, called flux-interruption-and-annealing using phase-locked RHEED oscillation, can assure two-dimensional growth and improve the condition of interface roughness at the same time. In this experiment, GaAs and AlGaAs epitaxial layers have been grown on semi-insulating GaAs by the FIA method. Good quality of these epitaxial layers has been confirmed by photoluminescence (PL) and Fourier transform infrared spectroscopy (FTIR) measurements.
II. EXPERIMENT
A Varian Gen II MBE system is used in this experiment. The RHEED gun has a maximum acceleration energy of 10 keV. 4 schematic illustration of the experimental setup is shown in Fig. 1 . Change of RHEED specular spot intensity is detected and amplified by a photomultiplier. The amplified electric signal is recorded using a Linseis L4OOO strip chart recorder. The electric signal is also transmitted to a computer through RS232 interface communication. When RHEED oscillation amplitude reaches a maximum, the group III element (either Ga or Al or both) shutter(s) is automatically closed by a computer command and the grown epitaxial layer is annealed for an appropriate period of time. The annealing time is first estimated by selecting a constant RHEED amplitude and adjusting the annealing time for achieving that amplitude (in the case of GaAs growth at 560 "C, approximately 13 s). The total annealing time is determined by adding a certain constant time period (approximately 1 to 2 s) to the annealing time first estimated. The group III element shutter is reopened after the total annealing time.
Several problems have to be solved in order to achieve the goals of this approach. A time delay exists between setting computer command and actual opening or closing of the shutter. The delay time consists of shutter mechanical delay and signal transmission delay. The total delay time for gallium shutter is measured to be 0.3 to 0.4 s. Since the growth rate for the GaAs layer is about 1 pm/h (2.77 us), a delay time of 0.3 to 0.4 s will give rise to a growth of a significant fraction of a layer. This extra fraction is called "excess fractional layer" (EFL) in this paper. The defmition of EFL is (B/A) x lOO%, where A is the time period of RHEED oscillation from peak to peak, and B is the time delay from the second peak of RHEED oscillation to the actual closing of the shutter (Fig. 2 ). The measured annealing time, as a function of EFL, is shown in Fig. 3 . The larger the EFL, the longer the annealing time.
The accumulation of EFL from each layer will eventually destroy the ideal two-dimensional nature of epitaxial growth. Two techniques can be used to solve the problem. (a) Decreasing the growth rate. When the growth rate is decreased, the time required to grow each monolayer (ML) is increased. The shutter delay time then becomes a smaller fraction of the total time period for growing one monolayer.
(b) Selecting an optimal slope of RHEED oscillation profile to adjust the shutter closing time.
The shutter ideally should be closed when the RHEED oscillation amplitude reaches a maximum with the slope being zero. An optimal slope larger than zero is chosen in order to adjust for the shutter delay time. The actual computer action command is set at a certain time earlier (about 0.3 s in most cases) to compensate for the shutter delay time.
The result of this approach, using both techniques, can be seen from Figs. 4 and 5. Phase-locked RHEED oscillation is achieved (Fig. 4 ). An optimal slope of RHEED oscillation for turning off the Ga shutter is chosen so that annealing starts when RHEED oscillation exactly reaches the maximum. The same cycle is repeated several times in stopping the rolling of the strip chart recorder. The growth conditions for the above experiment are as follows: The substrate temperature is 570 "C and the annealing time is 20 s.
III. RESULTS AND DiSCUSSION
The annealing time in phase-locked RHEED oscillation is influenced by several factors. These factors include substrate temperature and group V element surface population. The substrate temperature influences the dynamic competition between two-dimensional growth and terrace propagation. This dynamic competition is controlled by surface migration of group III atoms (such as Ga and Al) and surface population of group V atoms (such as As). The surface migration lifetime is mainly determined by the substrate temperature. Figure 6 shows the annealing time as a function of substrate temperature. The annealing time required to completely recover the RHEED intensity generally decreases with increasing substrate temperature. This is because surface mobility of group III atoms is enhanced at higher substrate temperatures and less time is needed to smooth the growing surface. The effect of arsenic pressure during epitaxial growth is also examined. Arsenic pressure does not affect the annealing time as long as the epitaxial layer is grown under arsenic-stabilized condition, which is confirmed by the 2 x 4 RHEED pattern. The annealing time will increase when arsenic pressure is so low that wafer surface becomes Ga-stabilized. The flux-interruption-and-annealing (FIA) method has been used to grow GaAs and AlGaAs epitaxial layers. Two series of experiments were performed and the characteristics of FFA grown layers were compared with those grown by conventional MBE.
In the first experiment, a 1000 A GaAs buffer layer was first grown on semi-insulating GaAs substrate and then a 2500 A undoped GaAs layer was grown by the FIA method. This sample was compared with an epitaxial layer of undoped GaAs with a thickness of 3500 A grown by conventional MBE. These layers were grown with a sub- strate temperature of 560 "C and an oxide desorption temperature of 580 "C!. Open and close times of Ga shutter were 2.588 and 15 s for the FIA sample. Photoluminescence spectra of these two samples are shown in Figs. 7 and 8. Two observations can be made from the PL data. First, epitaxial quality is indeed improved by the FIA growth method. This can be seen from a reduced full width at half maximum (FWHM) of the FL4 sample (4.09 meV compared with 6.8 meV). Secondly, the FIA method is more susceptible to impurity incorporation, because of its longer growth time. The carbon peak at 8300 A is more pronounced for the FL4 sample.
In the second experiment, a superlattice structure suitable for long wavelength infrared detector application4 was grown using both the FIA method and conventional MBE. These samples consisted of 30 periods of 45.2 A ( 16 ML) doped GaAs well with doping concentration of 2X lO"/cm" and 155.4 A (55 ML) undoped AlGaAs barrier. A 3000 A GaAs capping layer with doping concentration of 2~ 10'8/cm3 was then grown on both samples.
The epitaxial structure is shown in Fig. 9 . In growing the FIA sample, shutters of group III atoms (Ga and Al) and dopant atoms (Si) are closed when RHEED oscillation amplitude reaches a maximum. Shutters of group III atoms and dopant atoms are reopened when RHEED intensity recovers to a specified value. Shutter open and close times for Ga and Si sources are 3.24 and 30 s for doped GaAs layers in this superlattice experiment. Similar times for Ga and Al sources are 2.16 and 30 s for the undoped AlGaAs layers.
Room-temperature FTIR results for the epitaxial structure of Fig. 9 grown by FIA method and conventional MBE are shown in Fig. 10 . Significant differences exist between these two. The FIA sample has a more pronounced absorption peak and a narrower bandwidth at the designed response wavelength of 10 pm. This is most likely due to the sharpness of the epitaxial interface grown by the FIA method. 
IV. CONCLUSlON
A flux-interruption-and-annealing (FIA) molecular beam epitaxial growth technique is developed. This growth method is performed by interrupting the epitaxial growth when RHEED oscillation reaches a maximum, allowing the epitaxial layer to be annealed for a proper time period before the next monolayer is grown. This epitaxial method can assure two-dimensional growth and improve the surface condition of the interface. This technique is expected to be very helpful in growing monolayer superlattices.' Quality of the epitaxial layer grown by this method is confirmed by photoluminescence and FTIR measurements.
